Abstract: In this paper, we propose a discrete Hartley transform (DHT)-spread technique for peak-to-average power ratio (PAPR) reduction in a DHT-based asymmetrically clipped optical orthogonal frequency-division multiplexing (ACO-OFDM) system. At the complementary cumulative distribution function of 10 À3 , the PAPR values of our proposed scheme are about 9.7 and 6.2 dB lower than those of conventional DHT-based ACO-OFDM without DHT-spread technique for 2-pulse-amplitude modulation (2-PAM) and 4-PAM, respectively. The transmission experiment over a 100-km standard singlemode fiber had been realized to verify the feasibility of the proposed scheme. When the overall link rate was about 10 Gb/s, the proposed scheme had an approximately 7-dB improvement of received sensitivity at forward error correction limit compared with the conventional scheme. The proposed scheme has better transmission performance than the conventional scheme due to its low PAPR and effective equalization.
Introduction
As a multicarrier modulation technique, orthogonal frequency division multiplexing (OFDM) has been used in optical communication due to its high spectral efficiency and resistance to intersymbol interference (ISI) [1] - [3] . Among the OFDM systems, intensity-modulated/direct-detection (IM/DD) OFDM system has been widely investigated in the cost-sensitive, short-range, and highspeed optical communications, such as indoor optical wireless communication, discrete multitone (DMT) systems and passive optical networks (PONs) [4] - [6] .
As a popular IM/DD system, asymmetrically clipping optical OFDM (ACO-OFDM) has been extensively researched [8] - [10] . ACO-OFDM has a good power efficiency and the same optimal design for all constellation sizes due to the nonuse of DC bias, which is attractive to IM/DD system [8] . Recently, ACO-OFDM based on discrete Hartley transform (DHT) has been proposed for IM/DD system [11] , [12] . DHT is a real trigonometric transform. Different from DFT-based ACO-OFDM, DHT-based ACO-OFDM does not need Hermitian symmetry (HS), and the same algorithm can be applied to the multiplexing and demultiplexing processes. When DFT and DHT have the same size, 2-pulse-amplitude modulation (2-PAM) (M-PAM)-modulated DHT-based ACO-OFDM transmits the same number of bits and has the same bit-error ratio (BER) performance as QPSK (M 2 -QAM)-modulated DFT-based ACO-OFDM [11] - [13] . High peak-to-average power ratio (PAPR) is one of the major drawbacks of OFDM, which brings serious nonlinear distortion in both electronic and optical domain. Compared to OFDM without clipping operation, ACO-OFDM has a higher PAPR due to the same peak power but lower average power caused by clipping operation. Therefore, it is much more essential for ACO-OFDM to decrease PAPR. Among the PAPR reduction techniques, DFT-spread technique without any signal distortion and coding overhead has been widely studied [14] - [17] . To the best of our knowledge, the spread technique has not been investigated in DHT-based ACO-OFDM system.
In this paper, we propose a DHT-spread technique for PAPR reduction in DHT-based ACO-OFDM and analyze the performance of DHT-spread technique by both simulations and experiments. Different from DFT-spread technique, DHT-spread technique has the real output, making it more suitable for the DHT-based ACO-OFDM system. At the complementary cumulative distribution function (CCDF) of 10 À3 , the PAPR values of our proposed scheme are about 9.7 dB and 6.2 dB lower than those of conventional DHT-based ACO-OFDM without DHT-spread technique for 2-PAM and 4-PAM, respectively. The transmission experiment over 100-km standard single mode fiber (SSMF) had been realized to verify the feasibility of the proposed scheme. When the overall link rate was about 10 Gb/s, the proposed scheme had an about 7-dB improvement of received sensitivity at forward error correction (FEC) limit compared to conventional scheme. The proposed scheme has better performance on equalization and nonlinear distortion mitigation than the conventional scheme.
Principle
The multiplexing/demultiplexing processes of the proposed OFDM scheme use the DHT algorithm. The N-point inverse DHT (IDHT) and DHT [13] are defined as
where casð:Þ ¼ cosð:Þ þ sinð:Þ, n and k are from 0 to N À 1, x n is the time-domain OFDM sample, and X k is the frequency-domain input sample. As shown in (1), DHT is a real trigonometric transform with a self-inverse property. Unlike the DFT-based IM/DD OFDM, DHT-based IM/DD OFDM does not need HS to generate real signal and the multiplexing and demultiplexing processes employ the same algorithm. Next, if no otherwise specified, all the multiplexing/demultiplexing processes of OFDM mentioned below use the DHT algorithm.
The block diagram of DHT-spread ACO-OFDM (DHT-S-ACO-OFDM) for IM/DD system is depicted in Fig. 1 . Unlike conventional ACO-OFDM, DHT-S-ACO-OFDM adds two L-point DHT modules in the transmitter and receiver as the red boxes show. At transmitter, the data sequences are sent to the real constellation mapper [PAM mapper] after serial-to-parallel operation. Then the generated M-PAM signals are sent to the L-point DHT to realize the DHT-spread operation. The output of L-point DHT x is defined as
where m is from 0 to L À 1. x m is assigned to odd positions of N-point DHT operation (i.e., N ¼ 2L)
After N-point DHT operation, the generated OFDM, Y , can be defined as
where i is from 0 to N À 1.
Therefore, we can get the output of N-point DHT Y
Y has the anti-symmetrical property (i.e.
The negative samples of Y can be forced to zero without any loss of information [7] . The DHT-S-ACO-OFDM, C, can be obtained from Y by clipping operation,
where i is from 0 to N À 1. After addition of cyclic prefix (CP), digital-to-analog conversion (DAC) and low-pass filter (LPF) modules, the transmitted signal is generated. At receiver, the inverse operations of transmitter are realized to recover the data sequences, mainly including analog-to-digital conversion (ADC), removal of CP, N-point DHT, channel estimation, L-point DHT and PAM demapper. Fig. 2 shows time domain symbols before and after clipping operation in conventional ACO-OFDM and DHT-S-ACO-OFDM where N is set to 64. As shown in Fig. 2(a) and (b) , the green dash line points out the position of the 32nd sample. Obviously, the symbols before clipping operation in conventional ACO-OFDM and DHT-S-ACO-OFDM systems are both anti-symmetry. The average power of the symbol after clipping operation is half that of the symbol before clipping operation. PAPR of the symbols after clipping operation are theoretically 3 dB higher than that of the symbols before clipping operation. Consequently, it is much more essential for ACO-OFDM to decrease the PAPR. We have set the symbols in Fig. 2(c) and (d) with the same average power, the symbol in Fig. 2 (c) obviously has larger peak power than the symbol in Fig. 2(d) . PAPR of DHT-S-ACO-OFDM should be lower than that of conventional ACO-OFDM.
Simulation Results and Discussions
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CCDF Curves of PAPR
The PAPR, which is defined as the ratio between the maximum peak power and the average power of the discrete OFDM signal, can be expressed as
where S i is OFDM signal, and E f:g denotes the statistical expectation [18] . When 2-PAM is modulated in DHT-S-ACO-OFDM, by calculating (6) and (7), the maximum peak power and average power are equal to 1 and 1/4, respectively. Therefore, the PAPR can be calculated from (8) as The CCDF is commonly used to evaluate the performance of PAPR reduction techniques. The CCDF of the PAPR denotes the probability that the PAPR of an OFDM symbol exceeds a threshold PAPR 0 . We define the CCDF as Fig. 3 reveals the CCDF curves of PAPR for w/o clipping OFDM, conventional ACO-OFDM, and DHT-S-ACO-OFDM. In the simulation for CCDF curves, the number of subcarriers is set to 256 and the number of symbols for the probability of 10 À4 is set to 10 5 . The PAPR of ACO-OFDM is nearly 3 dB higher than w/o clipping OFDM. This result is good agreement with the analysis in Section 3.1. When the DHT-spread technique is employed, the PAPR performance of ACO-OFDM is significantly improved. At the probability of 10 À3 , PAPR has been decreased by about 9.7 dB when 2-PAM is modulated and about 6.2 dB when 4-PAM is modulated. The PAPR of DHT-S-ACO-OFDM is about 6 dB when 2-PAM is modulated, which is consistent with the theoretical derivation in (9). Fig. 4 depicts BER performance of conventional ACO-OFDM and DHT-S-ACO-OFDM where N is 256 in additive white Gaussian noise (AWGN) channel. When the same simulation parameters are adopted, BER curves of DHT-S-ACO-OFDM coincide to those of conventional ACO-OFDM. We can draw a conclusion that the BER performance of DHT-S-ACO-OFDM is the Fig. 5(a) shows the experimental setup of DHT-S-ACO-OFDM. In our experiment, DHT-S-ACO-OFDM was encoded by MATLAB. 2-PAM signal was spread by 128-point DHT (i.e., L ¼ 128). After spreading operation, OFDM signals can be obtained by 256-point DHT (i.e., N ¼ 256). Sixteen cyclic prefix samples were employed. For every 128 symbols, 10 training symbols for channel estimation and one synchronization symbol were transmitted. The generated digital signal was then uploaded into an arbitrary waveform generator (Tektronix AWG7122C) operating at 10 GS/s to realize DAC. So the overall link rate was about 10 Gb/s. The net bit rate can be calculated by [19] Net bit rate ¼ 1 bit=sample ð2 À PAMÞ Â 10 GS=s ðsampling rateÞ 
BER Performance in AWGN Channel
Experiment Setup and Results
Experiment Setup
A laser with 5-kHz line-width was used to generate the optical carrier. A Mach-Zehnder modulator (MZM) was adopted to modulate the optical carrier with the generated analog signal without DC bias. At the receiver, a variable optical attenuator (VOA) was used to vary the received optical power. We used an EDFA worked at power-controlled status to maintain a constant input power of photodiode (PD). The received optical signal can be converted into electrical signal by the PD. The electrical signal was then filtered by an LPF with a 3 dB bandwidth of 10 GHz. The filtered electrical signal was captured by a real-time digital phosphor oscilloscope (Tektronix DPO72004C, 100-GS/s sample rate, 20-GHz 3-dB bandwidth)) to implement ADC. The generated digital signal was decoded by off-line processing in MATLAB.
Experiment Results
Fig. 5(b) reveals the optical spectrum (1.12-pm resolution) of the optical carrier before and after modulated by conventional ACO-OFDM and DHT-S-ACO-OFDM with 2-PAM constellation. In our experiment, the encoding process of conventional ACO-OFDM was the same as the DHT-S-ACO-OFDM except was without DHT-spread operation. The launch power of the laser remained unchanged. The output signals of AWG7122C had the same sample rate. Meanwhile, they were normalized and fitted to DAC range. Under the same peak power, the average power of DHT-S-ACO-OFDM is larger than that of conventional ACO-OFDM due to its low PAPR. From Fig. 5(b) we can get that the optical signal-to-noise ratio (OSNR) of DHT-S-ACO-OFDM is higher than conventional ACO-OFDM. Fig. 6 depicts the BERs versus received power for conventional ACO-OFDM and DHT-S-ACO-OFDM with 2-PAM constellation after back-to-back (BTB) and 100-km SSMF transmission. The optical signals with power of 3 dBm were injected into the 100-km SSMF. In DHT-S-ACO-OFDM system, the required received power at the FEC limit was measured to be about À35.3 dBm and À34 dBm for B2B and 100-km SSMF transmission, respectively. The maximum power penalty for the case of 100-km SSMF transmission was about 1.3 dB. In the case of BTB, DHT-S-ACO-OFDM had about 5 dB improvement of received sensitivity at FEC limit compared to conventional ACO-OFDM. After 100-km SSMF transmission, the improvement expanded to about 7 dB because conventional ACO-OFDM may suffer more fiber nonlinear distortions due to its high PAPR. Fig. 7 shows the constellation diagrams of the received signal after 100-km SSMF transmission for (a) conventional ACO-OFDM without equalization, (b) DHT-S-ACO-OFDM without equalization, (c) conventional ACO-OFDM with equalization, (d) DHT-S-ACO-OFDM with equalization. The same equalization was used in conventional ACO-OFDM and DHT-S-ACO-OFDM. Fig. 7 (a) and (b) depict two constellation diagrams with almost the same Q factor before equalization for conventional ACO-OFDM and DHT-S-ACO-OFDM, respectively. The Q factor was obtained from the measured BER. After equalization, the Q factor for DHT-S-ACO-OFDM was about 11.3 dB and the Q factor for conventional ACO-OFDM was about 10 dB. The Q factor for DHT-S-ACO-OFDM was 1.3 dB larger than that for conventional ACO-OFDM. As shown in Fig. 7(c) and (d) , the constellation diagram of DHT-S-ACO-OFDM is much clearer than that of the conventional ACO-OFDM.
Conclusion
In this paper, we propose a DHT-spread technique for PAPR reduction in DHT-based ACO-OFDM system. At the CCDF of 10 À3 , the PAPR values of our proposed scheme are about 9.7 dB and 6.2 dB lower than those of conventional ACO-OFDM for 2-PAM and 4-PAM, respectively. The transmission experiment over 100-km SSMF had been realized to verify the feasibility of the proposed scheme. In our experiment, the proposed scheme had an about 7-dB improvement of received sensitivity at FEC limit compared to conventional scheme. The proposed scheme has better transmission performance than the conventional scheme due to its effective equalization and low PAPR. In conclusion, the proposed scheme is attractive to IM/DD systems due to its low PAPR and excellent transmission performance.
